Introduction {#S1}
============

Cells encounter numerous exogenous and endogenous factors, under both pathological and physiological conditions, that cause DNA lesions such as double-strand breaks (DSBs). In response to DSBs, highly conserved signal transduction pathways are activated to delay cell cycle progression and repair DNA lesions ^[@R1],\ [@R2]^. Abrogation of the DNA damage response (DDR) caused by genetic mutations in key DDR players often leads to genomic instability and ultimately induces tumor development ^[@R3]^. One example is Ataxia Telangiectasia Mutated (ATM), a key PI3 kinase that dictates protein phosphorylation events in response to DSBs generated under genotoxic stress as well during normal development ^[@R4]--[@R7]^. When DSBs occur, ATM is quickly activated and arrests the cell cycle through its associated signal transduction pathways, which facilitate DNA damage repair ^[@R4]--[@R7]^. Cells derived from Ataxia-telangiectasia patients and ATM-deficient mice are hypersensitive to genotoxic agents such as ionizing radiation (IR) ^[@R8],\ [@R9]^. Correspondingly, ATM-mutation carriers are predisposed to lymphatic leukemia ^[@R10]^, and ATM-deficient mice are prone to T-cell lymphoma ^[@R8],\ [@R9],\ [@R11]^.

DNA damage response is not only controlled by ATM and other PI3 kinase-associated protein phosphorylation cascades, but also regulated by recently identified protein ubiquitination events ^[@R12],\ [@R13]^. One of the key E3 ubiquitin ligases that governs DNA damage-induced protein ubiquitination is RNF8 (Ring finger protein 8) ^[@R14]--[@R17]^. RNF8 is a 485-residue nuclear polypeptide with an N-terminal FHA domain and a C-terminal Ring domain ^[@R18]^. In response to DSBs, the FHA domain of RNF8 recognizes three phospho-Thr motifs on MDC1, a partner of γH2AX, thus targeting RNF8 to DNA lesions ^[@R14]--[@R16]^. The Ring domain of RNF8 functions together with Ubc13, an E2 ubiquitin conjugase, to initiate histone ubiquitination at DNA damage sites ^[@R19]^, and recruits other downstream E3 ligases such as RNF168, Herc2 and Rad18 to amplify the protein ubiquitination signals ^[@R12]^. These ubiquitination events are critical for the localization of other DDR factors including RAP80/BRCA1 complex and 53BP1 in response to DSBs, and facilitate DNA damage checkpoint activation and DNA damage repair ^[@R12],\ [@R13]^.

Interestingly, RNF8 shares similar domain architecture with Chfr (checkpoint protein with FHA and Ring domain), a nuclear E3 ubiquitin ligase with potentially multiple functions ^[@R20]^. Like RNF8, the E2 partner of Chfr is also Ubc13 ^[@R21]^, the key enzymatic subunit needed to catalyze histone ubiquitination at DNA damage sites ^[@R19]^. Moreover, Chfr is downregulated in 20 \~ 40% of primary tumors and tumor cell lines, suggesting that Chfr may play a role in tumor suppression ^[@R22],\ [@R23]^.

Since RNF8 and Chfr share similar functional domains and interact with the same E2 ubiquitin conjugase, we wondered whether RNF8 and Chfr could be functional paralogs in the same biological processes. By analyzing RNF8 and Chfr-deficient mice, we find that RNF8 and Chfr synergistically maintain genomic stability and suppress tumor development *in vivo* by regulating histone modifications and the ATM-dependent DNA damage response pathway following DSBs. Our results demonstrate the *in vivo* functional significance and molecular mechanisms of a pair of FHA and Ring domain proteins.

Results {#S2}
=======

Loss of RNF8 and Chfr abrogates ATM-dependent DNA damage response {#S3}
-----------------------------------------------------------------

Both RNF8 and Chfr contain an N-terminal FHA domain and a Ring domain ([Figure 1a](#F1){ref-type="fig"}). The Ring domains of RNF8 and Chfr are also functionally interchangeable ^[@R24]^. Thus, the similar domain architecture of RNF8 and Chfr suggests that these two proteins may function in the same or similar biological processes. To examine potential functional correlations between RNF8 and Chfr, we crossed *RNF8* +/− mice with *Chfr* +/− mice, bred offspring to generate RNF8 and Chfr double-deficient (DKO) mice, and extracted mouse embryo fibroblasts (MEFs). To examine whether Chfr, like RNF8, plays a role in response to DNA damage, we examined the ATM-dependent phosphorylation of downstream targets p53, Chk1/2, NBS1 and BRCA1 after induction of DSBs. Surprisingly, all of these ATM-dependent phosphorylation events were suppressed in DKO MEFs ([Figure 1b](#F1){ref-type="fig"}), suggesting that Chfr and RNF8 might cooperate to facilitate ATM-dependent signal transduction following DNA damage. Next, we wondered whether DNA damage-induced ATM activation is impaired in DKO cells. As shown in [Figure 1b](#F1){ref-type="fig"} and [Supplementary Figure 1a](#SD1){ref-type="supplementary-material"}, compared with that in wild type MEFs, autophosphorylation of ATM Ser1987, a surrogate marker of activated ATM ^[@R25]^, was dramatically reduced in DKO MEFs following DNA damage. Additionally, IR-induced ATM activation was dramatically suppressed in RNF8-depleted HCT116 and HCT15 cells ([Supplementary Figure 1b](#SD1){ref-type="supplementary-material"}), which do not express Chfr ^[@R26]^, Since ATM is important for T-cell development ^[@R8],\ [@R9]^, we also examined the DNA damage-induced ATM activation in primary thymocytes harvested from DKO mice. Again, IR-induced ATM activation was impaired ([Figure 1c](#F1){ref-type="fig"}). Moreover, we performed *in vitro* ATM kinase assay and found the kinase activity of ATM was reduced in IR-treated DKO cells ([Figure 1d](#F1){ref-type="fig"}), suggesting that RNF8 and Chfr regulate DNA damage-induced ATM activation. Next, we examined IR-induced G1/S and G2/M checkpoint activation controlled by ATM and its associated pathways ^[@R4]--[@R6]^. As shown in [Figure 1e](#F1){ref-type="fig"} and [Supplementary Figure 1c](#SD1){ref-type="supplementary-material"}, the G1/S checkpoint is disrupted in DKO MEFs. Similarly, the G2/M checkpoint is also abolished in DKO MEFs ([Figure 1f](#F1){ref-type="fig"} and [Supplementary Figure 1d](#SD1){ref-type="supplementary-material"}). Collectively, these results suggest that RNF8 and Chfr are important for ATM activation and its downstream DNA damage response.

RNF8 and Chfr double-deficient mice develop T-cell lymphoma {#S4}
-----------------------------------------------------------

To examine whether RNF8 and Chfr regulate ATM function *in vivo*, we generated a cohort containing 20 *RNF8* +/+ *Chfr* +/+ (wild type), 20 *RNF8* −/− *Chfr* +/+ (RNF8 KO), 20 *RNF8* +/+ *Chfr* −/− (Chfr KO) and 20 *RNF8* −/− *Chfr* −/− (DKO) mice. Interestingly, although DKO mice were viable, 40 % of DKO mice developed thymic lymphoma and became moribund within six months, whereas no tumor incidence or lethality was observed in the wild type, RNF8 KO or Chfr KO mice during this time ([Figure 2a and b](#F2){ref-type="fig"}). Besides thymic lymphoma, we did not find any other type of tumor in DKO mice. Flow cytometry analysis showed that tumor cells from DKO mice were CD4 + CD8 + T cells, indicating that these lymphomas developed during the CD4CD8 double positive selection stage ([Figure 2c](#F2){ref-type="fig"}). Histological examination showed that the tumor cells were large-size lymphoblasts. Mitotic figures were observed in tumor tissues, indicating the fast growth of these lymphomas ([Figure 2d](#F2){ref-type="fig"}). Thus, these results suggest that the loss of RNF8 and Chfr induces lymphomagenesis *in vivo*, which is very similar to the phenotype of ATM −/− mice ^[@R8],\ [@R9]^.

Mouse chromosomes 12 and 14 are frequently altered in DKO lymphoma {#S5}
------------------------------------------------------------------

Thymic lymphoma can be induced by multiple mechanisms including chromosome aneuploidy and clonal translocations. To elucidate the mechanism of T-cell lymphomagenesis in DKO mice, we examined the karyotype of five tumors from DKO thymuses. As listed in [Figure 3](#F3){ref-type="fig"}, all five T-cell lymphomas display chromosomal translocations. Specifically, all five tumors contain abnormal rearrangements on chromosome 12 and/or 14. All of the analyzed tumors from DKO mice were diploid or close to diploid ([Figure 3](#F3){ref-type="fig"}). Since we only found one karyotype per tumor sample, these lymphomas were likely induced by clonal translocation of chromosomes. Interestingly, these tumor karyotypes are very similar to those in T-cell lymphomas of *ATM* −/− mice. Like DKO mice, *ATM* −/− mice develop CD4+ CD8+ T-cell lymphomas with clonal translocation involving chromosome 12 and 14 ^[@R8],\ [@R9],\ [@R11]^. Moreover, mouse chromosome 12 and 14 are homologous to human chromosome 14, which is the site of frequent chromosome rearrangements in patients bearing ATM mutations ^[@R27]--[@R29]^. These data indicate that the *in vivo* phenotype of DKO mimics that seen with ATM loss or mutation.

T cell development is impaired in DKO mice {#S6}
------------------------------------------

Since T-cell lymphomas in *ATM* −/− mice are caused by abnormal T-cell development, we further examined thymic T-cells of DKO mice. Although no obvious tissue architecture defect was observed, the thymuses in DKO mice were much smaller than those in wild type mice, Chfr KO or RNF8 KO mice (data not shown). The thymus cellularity in DKO mice was reduced on average to 35% of that of wild type mice. No obvious loss of thymocyte was observed in Chfr KO mice, while a slight reduction of thymus cellularity was detected in RNF8 KO mice ([Supplementary Figure 2a](#SD1){ref-type="supplementary-material"}). Flow cytometry analysis of T-cell surface markers (CD4 and CD8) showed similar subpopulations of T cells in the thymuses of wild type, RNF8 KO and Chfr KO mice. However, compared with the other mice, the percentage of CD4+ CD8+ T cells was increased in the thymuses of DKO mice accompanied by a decrease of single-positive (CD4−CD8+ or CD4+CD8−) thymocytes ([Supplementary Figure 2b](#SD1){ref-type="supplementary-material"}). Considering the substantial loss of total thymus cellularity in DKO mice, the number of single-positive thymocytes was much less than that in wild type mice. Consistent with the phenotypes observed in the thymus, mature T cells were also reduced in the spleens of DKO mice ([Supplementary Figure 2c](#SD1){ref-type="supplementary-material"}). These results suggest that RNF8 and Chfr are important for T cell development, which is also consistent with recent studies on the RNF8-deficient mice ^[@R30],\ [@R31]^. Again, the phenotypes of T cell development in DKO mice are very similar to those in ATM-deficient mice ^[@R8],\ [@R9]^.

DKO mice and MEFs are hypersensitive to IR {#S7}
------------------------------------------

In addition to lymphomagenesis, ATM-deficient mice and cells are hypersensitive to DNA damaging agents, such as IR ^[@R8],\ [@R9]^. To examine whether RNF8 and Chfr function in the ATM pathway, 8-week old wild type, RNF8 KO, Chfr KO and DKO mice were exposed to 8 Gy of IR. We monitored mouse mortality for 4 weeks. During this period, 17% of the wild type and 58% of the Chfr KO mice died, whereas all of the RNF8 KO and DKO mice died ([Figure 4a](#F4){ref-type="fig"}). Compared with RNF8 KO mice, the DKO mice died much earlier. No DKO mice survived beyond 15 days following IR treatment, which is also very similar to the survival seen in ATM −/− mice ^[@R8],\ [@R9]^. Consistent with these results, DKO MEFs were hypersensitive to IR treatment ([Figure 4b](#F4){ref-type="fig"}). Both RNF8 KO MEFs and Chfr KO MEFs showed higher lethality compared with wild type MEFs, but had better viability than DKO MEFs following DNA damage ([Figure 4b](#F4){ref-type="fig"}). Moreover, we also examined metaphase spreads of wild type, RNF8 KO, Chfr KO and DKO MEFs 2 hours after treatment 1 Gy of IR. This assay allows us to quantitatively measure breaks introduced into mitosis, which could lead to chromosome instability. As shown in [Figure 4c](#F4){ref-type="fig"} and [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}, chromosomal breaks were much more frequently found in DKO MEFs than in wild type MEFs. Compared with wild type MEFs, both RNF8 KO and Chfr KO MEFs had elevated numbers of chromosomal breaks. Taken together, these results indicate that RNF8 and Chfr synergistically maintain whole body or cell viability and chromosomal stability in response to DNA damage following DSBs.

RNF8 and Chfr synergistically regulate histone ubiquitination and acetylation {#S8}
-----------------------------------------------------------------------------

Next, we examined the molecular mechanism by which RNF8 and Chfr regulate ATM activation. Since it has been shown that RNF8 regulates histone ubiquitination ^[@R14],\ [@R16],\ [@R32],\ [@R33]^, we examined histone ubiquitination in wild type, RNF8 KO, Chfr KO and DKO MEFs. Compared with that in wild type MEFs, both H2A and H2B ubiquitination were dramatically reduced in DKO MEFs and thymocytes ([Figure 5a and b](#F5){ref-type="fig"}). Histone ubiquitination was also intermediately decreased in RNF8 KO and Chfr KO cells, suggesting that RNF8 and Chfr synergistically regulate global histone ubiquitination. To examine whether RNF8 and Chfr could directly ubiquitinate histones, we performed *in vitro* ubiquitination assays and found that both RNF8 and Chfr function together with UBC13 to ubiquitinate H2A and H2B *in vitro* ([Supplementary Figure 4a](#SD1){ref-type="supplementary-material"}). Interestingly, although phenotypes observed in Chfr KO mice and MEFs are less dramatically than those in RNF8 KO mice and MEFs, the E3 activity of Chfr is much stronger than that of RNF8 in the *in vitro* ubiquitination assay ([Supplementary Figure 4a](#SD1){ref-type="supplementary-material"}). However, the mRNA level of Chfr is around one fifth the level of RNF8 in wild type MEFs ([Supplementary Figure 4b](#SD1){ref-type="supplementary-material"}). Thus, it is likely that different expression level of Chfr and RNF8 in different tissues could provide a layer of regulation for the overlapping function of Chfr and RNF8.

We next examined other histone modifications including several histone methylations and acetylations. Interestingly, compared with that in wild type cells, acetylation of histone H4, but no other histone modifications, was dramatically downregulated in DKO cells ([Figure 5a, b](#F5){ref-type="fig"} and [Supplementary Figure 4c](#SD1){ref-type="supplementary-material"}). The anti-H4 acetylation antibody we used recognizes acetylation of K5, K8, K12 and K16 at the N-terminal tail of H4. These acetylated lysine residues form a patch with negative charges that may negatively modulate inter-nucleosomal interactions and chromatin decondensation ^[@R34]--[@R36]^. Particularly, H4K16 acetylation is important for chromatin fiber relaxation ^[@R37]^, which regulates ATM activation ^[@R38]^ Similar to histone ubiquitination, global H4K16 acetylation is dramatically reduced in DKO MEFs and thymocytes as well as T-cell lymphomas from DKO mice ([Figure 5a, b and c](#F5){ref-type="fig"}). It has been shown that H4K16 acetylation is up-regulated in response to high dose IR treatment, which is important for ATM activation^[@R38]^. Consistently, with relatively low dose IR treatment, we also observed a slight increase of H4K16 acetylation in wild type cells, but not in DKO cells ([Supplementary Figure 4d](#SD1){ref-type="supplementary-material"}). In addition, nuclei extracted from wild type MEFs were more easily digested by MNase than those in DKO MEFs in the presence or absence of DNA damage ([Figure 5d--e](#F5){ref-type="fig"} and [Supplementary Figure 4e--f](#SD1){ref-type="supplementary-material"}), indicating that chromatin in wild type MEFs is less compacted than that in DKO MEFs. Collectively, these results are consistent with our recent analyses on spermatogenesis of RNF8 KO mice ^[@R33]^, indicating that RNF8 and Chfr regulate chromatin status through histone ubiquitination-coupled histone acetylation. However, the phenotypes in Chfr single KO cells are relatively weak. To understand the role of Chfr in chromatin remodeling, we transfected DKO cells with wild type Chfr or Ring domain deletion mutant Chfr (ΔRing) that abolishes the E3 ligase activity of Chfr. We found that wild type Chfr but not ΔRing mutant could partially rescue the histone ubiquitination and acetylation as well as ATM activation following DNA damage ([Supplementary Figure 4g--h](#SD1){ref-type="supplementary-material"}). These results suggest that the E3 ligase activity of Chfr is important for histone acetylation and ATM activation in response to DNA damage.

Since neither RNF8 nor Chfr have acetyltransferase activity, nor do they associate with any known acetyltransferase (data not shown), loss of H4K16 acetylation could be the sequential effect of loss of histone ubiquitination. H4K16 is mainly acetylated by histone acetyltransferase MOF ^[@R38]^ and Tip60 ^[@R39]^. Although the overall protein expression of MOF and Tip60 were intact, we found that most of the MOF and Tip60 were dissociated from chromatin in DKO cells ([Figure 5f](#F5){ref-type="fig"}), suggesting that RNF8 and Chfr-dependent histone ubiquitination is required to retain MOF and Tip60 on the chromatin to acetylate H4K16 and facilitate chromatin relaxation.

MRG15 links histone ubiquitination and histone acetylation {#S9}
----------------------------------------------------------

In order to elucidate the link between RNF8 and Chfr-dependent histone ubiquitination and H4 acetylation, we studied the mechanism by which RNF8 and Chfr regulate MOF and Tip60. Since chromatin-bound MOF and Tip60 were dramatically reduced in DKO cells ([Figure 5f](#F5){ref-type="fig"}), we wondered whether MOF and Tip60 might recognize RNF8 and Chfr-dependent histone ubiquitination. However, both MOF and Tip60 do not recognize ubiquitinated histones (data not shown). Thus, we screened 11 other known subunits in the MOF and Tip60 complexes ^[@R40]^. Interestingly, MRG15 (MOF-related gene on chromosome 15), a common subunit in both the MOF and Tip60 complexes ^[@R41]--[@R43]^, could interact with ubiquitinated H2B (Ub-H2B), but not non-ubiquitinated H2B ([Figure 6a](#F6){ref-type="fig"} and [Supplementary Figure 5a](#SD1){ref-type="supplementary-material"}). We generated a series of deletion mutants of MRG15, and found that a region from residue 82 to resudue 262 of MRG15 is required for its interaction with Ub-H2B ([Figure 6b](#F6){ref-type="fig"}). Notably, the region between amino acids 202 and 262 of MRG15 contains triple α-helixes that are very similar to other known ubiquitin-binding motifs ^[@R44],\ [@R45]^, and this region alone could bind ubiquitin ([Supplementary Figure 5b and c](#SD1){ref-type="supplementary-material"}). Moreover, mutation of conserved residues in this ubiquitin-binding motif (I246E and L247E mutant) abolished the interaction between MRG15 and Ub-H2B ([Supplementary Figure 5d](#SD1){ref-type="supplementary-material"}), suggesting that ubiquitin-binding plays an essential role to mediate the interaction between MRG15 and Ub-H2B. Similar to MOF and Tip60, most of the MRG15 was dissociated from the chromatin in DKO cells ([Figure 6c](#F6){ref-type="fig"}), suggesting that RNF8 and Chfr-dependent histone ubiquitination may retain MOF and Tip60 on the chromatin via MRG15. Depletion of MRG15 by siRNA reduced H4K16 acetylation and chromatin-bound MOF and Tip60, but did not affect H2B ubiquitination ([Figure 6d--e](#F6){ref-type="fig"} and [Supplementary Figure 5d--f](#SD1){ref-type="supplementary-material"}). Thus, these results suggest that MRG15 recognizes Ub-H2B and stabilizes MOF and Tip60 on the chromatin, facilitating the acetylation of H4K16. Moreover, in the MRG15 depleted cells, ATM activation and phosphorylation of ATM substrates were impaired in response to DSBs ([Figure 6f](#F6){ref-type="fig"} and [Supplementary Figure 5g](#SD1){ref-type="supplementary-material"}) and only siRNA-resistant wild type MRG15, not the I246E and L247E mutant, could rescue ATM activation in MRG15 depleted cells after DNA damage ([Supplementary Figure 5h](#SD1){ref-type="supplementary-material"}). Taken together, these results indicate that MRG15 not only mediates histone ubiquitination-coupled histone acetylation but also regulates ATM activation in response to DNA damage.

Suppression of histone deacetylation rescues ATM activation and its related DNA damage response in DKO MEFs {#S10}
-----------------------------------------------------------------------------------------------------------

To further examine the role of histone acetylation in RNF8 and Chfr-dependent DNA damage response, cells were treated with trichostatin A (TSA), an inhibitor of class I HDACs, to suppress histone deacetylation. Low dose TSA treatment did not affect H2B ubiquitination, but increased H4K16 acetylation in DKO cells ([Figure 7a](#F7){ref-type="fig"}). More importantly, increased histone acetylation partially restored DNA damage-induced ATM activation in DKO cells ([Figure 7a](#F7){ref-type="fig"}). Correspondingly, TSA treatment facilitated DNA damage repair in DKO cells and partially rescued DKO cell viability following IR treatment ([Figure 7b and c](#F7){ref-type="fig"}).

In addition, 53BP1 is an important downstream mediator of the ATM signaling pathway following DSBs^[@R46]^. It has been shown that RNF8 was required for DSB-induced 53BP1 foci formation, although the mechanism of this phenomenon was not clear ^[@R14]--[@R16]^. Interestingly, TSA treatment partially restored 53BP1 foci formation in both RNF8 KO and DKO cells ([Figure 7d](#F7){ref-type="fig"} and [Supplementary Figure 6a](#SD1){ref-type="supplementary-material"}). TSA alone could not induce DSBs and 53BP1 foci formation in wild type or DKO cells ([Supplementary Figure 6b](#SD1){ref-type="supplementary-material"}). Taken together, these results suggest that the crosstalk between histone ubiquitination and histone acetylation is important for ATM activation and ATM-dependent DNA damage response.

Discussion {#S11}
==========

In this study, we demonstrate that RNF8 and Chfr synergistically maintain genomic stability and suppress lymphomagenesis *in vivo*. Both RNF8 and Chfr are important for histone ubiquitination and acetylation, which in turn regulate chromatin structure and ATM-dependent DNA damage response ([Figure 8](#F8){ref-type="fig"}).

The phenotypes of DKO mice are very similar to those of *ATM* −/− mice. For example, DKO and *ATM* −/− mice both develop CD4+ CD8+ T-cell lymphomas. Although the tumor penetrance of DKO mice is lower than that reported in *ATM* −/− mice, spectral karyotype analysis showed similar patterns of chromosome translocations in tumors from DKO mice ([Figure 3](#F3){ref-type="fig"}) and *ATM* −/− mice ^[@R11]^. Like ATM-deficient mice, DKO mice exhibit impaired T cell development. Since RAG1/2 generates DSBs during T-cell receptor (TCR) V(D)J recombination^[@R47]^, it is likely that RNF8 and Chfr regulate ATM activation in response to these endogenous DSBs during T cell development. Suppression of ATM activation induces aberrant rearrangements at TCR loci on chromosomes 12 and 14 during TCR V(D)J recombination ^[@R8],\ [@R9],\ [@R11]^, which is likely to be the mechanism underlying thymic lymphomagenesis in *ATM* −/− and DKO mice. Although other functions of Chfr (non-redundant with RNF8) might play a role during tumorigenesis, the lymphomas identified in DKO mice are diploid or close to diploid with specific chromosome translocation patterns, indicating that abnormal repairs of chromosomal breaks, and not mitotic error-induced aneuploidy, is the major cause of the T-cell lymphomas. It has been shown that Chfr is often silenced in primary tumors or tumor cell lines due to promoter methylation, suggesting that Chfr could be an important tumor suppressor^[@R22],\ [@R23]^. However, we did not find any evidence of RNF8 silencing when we tested a panel of over 30 human tumor cell lines (data not shown). It is possible that mutations of RNF8 may exist in certain types of tumors or genetic diseases and Genetic screening of RNF8 mutations in tumor samples will further elucidate the role of RNF8 in human tumor suppression in the future.

Chromatin relaxation facilitates ATM activation in response to DNA damage ^[@R25],\ [@R48]--[@R50]^. Here, we found that an important histone modification, H4K16 acetylation, is dramatically downregulated with the loss of both RNF8 and Chfr. Since H4K16 acetylation adds negative charge onto the surface of nucleosomes, it may loosen the chromatin fiber ^[@R37]^. This chromatin remodeling will allow DDR factors, such as ATM and its partners, to access DNA lesions. In addition, it is very likely that other histone acetylation events cooperate with H4K16 acetylation to relax chromatin fiber at DSBs ^[@R50],\ [@R51]^. Particularly, acetylation of H2A is also reported to facilitate DNA damage response although the detailed mechanism of specific lysine acetylation needs further exploration ^[@R39],\ [@R52]^. Our conclusions are further supported by experiments in which we treated cells with low doses of TSA, an HDAC inhibitor. Low dose TSA treatment could restore H4K16 acetylation in DKO cells by suppressing histone deacetylation, which rescues ATM activation and ATM-dependent DNA damage response. Interestingly, high dose TSA treatment, despite not generating DSBs, could induce ATM auto-phosphorylation even in normal cells by drastically changing chromatin topology ^[@R25]^. Thus, it is likely that certain chromatin structures and states promote ATM activation. In addition, since chromatin-associated MOF and Tip60, two crucial acyltransferases, are dramatically dissociated from the chromatin in DKO cells, we cannot rule out the effects of other non-histone substrates. It has been shown that acetylation of ATM itself may regulate its activation ^[@R51],\ [@R53]^. However, we did not find any change in ATM acetylation in DKO cells (data not shown).

Previous studies have shown that RNF8 is recruited to DNA damage sites mediated by ATM-dependent MDC1 phosphorylation ^[@R14]--[@R16]^. Although our studies suggest that RNF8 and Chfr control ATM activation in response to DNA damage, these results are not contradicted by previous studies. It is likely that RNF8 and Chfr control the chromatin setting without DNA damage. Indeed, we found that a subset of RNF8 and Chfr is associated with chromatin under normal conditions and there is a substantial increase in chromatin-associated RNF8 and Chfr following DNA damage ([Supplementary Figure 7a](#SD1){ref-type="supplementary-material"}). Interestingly, the mechanisms for the regulation of chromatin-bound RNF8 and Chfr are slightly different. Under DNA damage conditions, MDC1 is very important for chromatin-associated RNF8 and poly-ADP-ribosylation also modestly affects the chromatin association of RNF8 ([Supplementary Figure 7b--c](#SD1){ref-type="supplementary-material"}). On the other hand, chromatin-associated Chfr is mainly regulated by poly-ADP-ribosylation and modestly affected in MDC1-deficient cells ([Supplementary Figure 7b--c](#SD1){ref-type="supplementary-material"}), consistent with the previous finding that Chfr recognizes protein poly-ADP-ribosylation^[@R54]^. Moreover, we observed evidence of compensation between Chfr and RNF8, specifically a slight increase in one binding to chromatin if the other is deleted ([Supplementary Figure 7d](#SD1){ref-type="supplementary-material"}). A detailed molecular mechanism of RNF8 and Chfr on the chromatin needs to be elucidated in the future. Following DNA damage, ATM is activated under the RNF8 and Chfr-dependent chromatin setting and phosphorylates H2AX and MDC1, which forms a positive feedback loop to recruit more RNF8 to DNA damage sites and relax local chromatin fibers at the DNA lesion. This feedback loop can amplify the DNA damage-induced signals for cell cycle checkpoint activation and facilitate DNA damage repair.

Down-regulation of H4K16 acetylation is a hallmark of human cancers, including cancer cells derived from leukemia/lymphoma ^[@R55]^. Besides being considered as a biomarker of human cancers, loss of H4K16 acetylation could trigger or promote tumorigenesis by abrogation of ATM-dependent DNA damage response. Clearly, the effects of TSA on H4K16 actetlyation and ATM-dependent DNA damage response indicate that HDAC inhibitors may be very useful for future tumor prevention and therapeutics.

In this study, we have demonstrated a new trans-histone modification. The status of histone ubiquitination correlates with histone H4K16 acetylation in wild type and DKO MEFs. Moreover, the level of Ub-H2A and Ub-H2B also correlates to the level of chromatin-association of MOF and Tip60. These results are similar to what we previously reported in the analysis of RNF8-deficient testes ^[@R33]^. It has been shown that the N-terminal tail of H4, including H4K16 site, from one nucleosome interacts with a H2A/H2B heterodimer on an adjacent nucleosome ^[@R34]^. Thus, it is possible that the bulky ubiquitin group may simply change the internucleosomal space to expose the lysine residues of H4 for acetylation. We found that MRG15, a common subunit of MOF and Tip60 complexes ^[@R41]--[@R43]^, recognizes H2B ubiquitination and is likely to stabilize acetyltransferases on the chromatin to catalyze histone acetylation. Moreover, It has been shown that MRG15 regulates H4 acetylation and plays an important role in the DNA damage response ^[@R42]^. We also noticed that a appreciable portion of Tip60 still associates with the chromatin in DKO cells. Since the chromo domain of Tip60 interacts with other histone methylations ^[@R56]^, other partners of Tip60 complexes may also recognize Ub-H2B (or Ub-H2A) or other ubiquitinated proteins in response to DNA damage and facilitate H4K16 acetylation.

In summary, we have shown that RNF8 and Chfr, two chromatin remodelers, synergistically maintain chromatin stability and suppress lymphomagenesis by regulating ATM-dependent DNA damage response.

Mmethods {#S12}
========

Generation of DKO mice {#S13}
----------------------

Male RNF8 +/− mice were bred with female Chfr −/− mice to generate double heterozygous offspring (RNF8 +/− Chfr +/−). These mice were internally crossed to generate wild type (RNF8 +/+ Chfr +/+), RNF8 KO (RNF8 −/− Chfr +/+), Chfr KO (RNF8 +/+ Chfr −/−) and DKO (RNF8 −/− Chfr −/−) mice. Genomic DNA extracted from mouse tail was used for genotyping by PCR as previously described^[@R33],\ [@R57]^ Mice were observed daily and moribund mice were sacrificed for tumor analysis.

Cell Culture, IR and TSA treatment {#S14}
----------------------------------

Wild type, RNF8 KO, Chfr KO and DKO MEFs were generated from E13.5 mouse embryos using standard procedure and cultured in DMEM media with 10% (v/v) FBS. For IR treatment, cells were irradiated with a JL Spepherd ^137^Cs radiation source at indicated doses. Following IR treatment, cells were maintained in the culture conditions for indicated time points specified in the figure legends. For whole body irradiation, 8-week old wild type, RNF8 KO, Chfr KO and DKO mice were irradiated with 8 Gy. The mice were monitored for morbidity and mortality for 4 weeks. For TSA treatment, cells were incubated with 0.2 μM TSA for 12 hours before exposure to IR.

*In vitro* kinase assay {#S15}
-----------------------

Cells were treated with 10 Gy of IR and allowed to recover for 1 hour at 37°C. Irradiated cells were lysed with NTN 300 buffer (without EDTA). ATM was purified using anti-ATM antibody and protein G beads at 4 °C. After three washes with kinase buffer (10 mM HEPES Ph 7.5, 50 mM glycerophosphate, 50 mM NaCl, 10 mM MgCl, 10 mM MnCl, and 1 mM DTT), the beads were incubated with purified GST-p53 (a.a. 1--250) in the kinase buffer with or without ATP at 37°C for 30 minutes. Proteins were eluted with SDS loading buffer, separated by SDS-PAGE and analyzed by Western blot using the indicated antibodies.

Metaphase spread and spectral karyotype (SKY) analysis {#S16}
------------------------------------------------------

To prepare metaphase spread, thymic tumor cells were cultured in RPMI 1640 medium with 10% (v/v) FBS and incubated in 0.1 mg/ml KaryoMAX colcemid solution (GIBCO) for 3 hours. Cells were collected, washed with PBS, resuspended in 75 mM KCl and incubated at room temperature for 15 minutes. Then cells were fixed with Carnoy's solution (75% (v/v) methanol and 25% (v/v) acetic acid) and dropped onto glass slides. SKY analyses were performed using a mouse SKY probe kit (Applied Spectral Imaging, Vista, CA) according to the manufacturer's protocol, followed by counter-staining with DAPI. Metaphase images were captured using the Olympus BX-61 microscope equipped with a CCD camera (Applied Spectral Imaging, Vista, CA) and analyzed by SKYview software (Applied Spectral Imaging, Vista, CA).

Analysis of IR-induced chromosomal breaks {#S17}
-----------------------------------------

Freshly prepared MEFs (passage 0) were treated with 1 Gy of IR and allowed to recover for 2 hours. Metaphase spreads were prepared and stained with 5% (w/v) Giemsa solution. Metaphase spreads were observed under a light microscope with a 100 × oil objective lens, and chromosome breaks were counted.

G2/M checkpoint assay {#S18}
---------------------

MEFs were irradiated with or without 2 Gy of IR. After one hour of recovery, cells were fixed with 70% (v/v) ethanol and stained with rabbit anti-phospho-histone H3 (pSer10) antibody, followed by incubation with FITC-conjugated goat anti-rabbit secondary antibody. The stained cells were treated with RNase A and then incubated with propidium iodide. Samples were analyzed by flow cytometry.

G1/S checkpoint assay {#S19}
---------------------

MEFs were treated with or without 6 Gy of IR. Six hours after treatment, cells were pulsed with 40 mM BrdU for 30 minutes, then harvested and washed with PBS. Cells were fixed in 70% (v/v) ethanol for 30 minutes. After fixation, cells were washed with PBS and then treated with 2 M HCl for 30 minutes at room temperature. The low pH was neutralized by spinning and resuspending cell pellets in 0.1 M sodium tetraborate (pH 8.5). Cells were stained with anti-BrdU antibody (BD Biosciences) in the dark for 30 minutes and then incubated with corresponding secondary antibodies. The stained cells were treated with RNase A and incubated with propidium iodide. Samples were analyzed by flow cytometry.

Micrococcal nuclease sensitivity assay {#S20}
--------------------------------------

Micrococcal nuclease (MNase) sensitivity assay was carried out as described ^[@R58]^. Briefly, MEFs were washed with cold PBS and lysed with nuclei extraction (NE) buffer (10 mM Tris-HCL, pH 8.0, 0.1 mM EDTA, 2 mM MgCl2, 2 mM CaCl2, 1 mM DTT, 0.2 % (v/v) NP-40) on ice. The resultant nuclei were washed with NE buffer twice, suspended in NE buffer and digested at 25°C for 5 minutes with 1 U/ml of MNase. The reaction was stopped by adding stop buffer (50 mM Tris-HCL, pH 8.0, 25 mM EDTA, 1 % (w/v) SDS). DNA was purified by incubation with 200 μg ml^−1^ of proteinase K for 1 hour at 55 °C, followed by phenol-chloroform extraction and ethanol precipitation. The DNA was resuspended in TE buffer and separated by agarose gel electrophoresis, stained by ethidium bromide (EtBr). Each line of the EtBr gels was scanned and profiles representing band intensity were obtained using the NIH IMAGE J software. Average size of oligonucleosomes was calculated as described ^[@R58]^.
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![DNA damage-induced ATM signaling pathway is impaired in DKO cells\
(a) Domain architecture of mouse RNF8 and Chfr. (b and c) RNF8 and Chfr synergistically regulate ATM auto-phosphorylation and the ATM-dependent signaling pathway following DNA damage. MEFs (b) and Thymocytes (c) were treated with or without IR, lysed and subjected to Western blot using the indicated antibodies. (d) Chfr and RNF8 synergistically regulate ATM kinase activity. *In vitro* kinase assay was separated by SDS-PAGE and subjected to Western blot. Coomassie Brilliant Blue (CBB) staining is shown below for loading control. (e) RNF8 and Chfr double deficiency abrogates G1/S checkpoint activation. BrdU assay was performed and mean values were calculated from three independent experiments. Error bar represent s.e.m. (f) DNA damage-induced G2/M checkpoint is abrogated in DKO cells. G2/M checkpoint assay was performed and mean values were calculated from three independent experiments. Error bar represent s.e.m.](nihms290595f1){#F1}

![RNF8 and Chfr double-deficient mice develop T-cell lymphoma\
(a) Lymphoma-free survival rate of mice over 6 months. (b) Massive thymic lymphomas harvested from DKO mice. (c) Thymocytes from wild type mice and tumors were analyzed by flow cytometry. (d) Hematoxylin-and-eosin-stained sections from DKO thymic lymphomas and wild type thymus. Arrows indicate mitotic figures.](nihms290595f2){#F2}

![Thymic lymphomas from DKO mice harbor clonal translocations\
(a) A representative metaphase spread of lymphoma \#1 is shown by DAPI staining. (b) The SKY image of the metaphase spread is shown, with translocations indicated. (c) Representative karyotype from lymphoma \#1. (d) Summary of chromosome translocations in DKO lymphomas.](nihms290595f3){#F3}

![DKO mice and MEFs are hypersensitive to IR\
(a) Survival of mice treated with 8 Gy of IR at 8-weeks (b) DKO MEFs are hypersensitive to IR. MEFs were treated with IR at the indicated doses and counted after 10 days. The ratio between IR-treated and mock-irradiated cells of the same genotype is shown. Results represent the mean value from three independent experiments. Error bar represent s.e.m. (c) Chromosome breaks in mitotic DKO MEFs are elevated following IR treatment. MEFs were treated with 1 Gy of IR. Chromosome breaks were counted in each metaphase spread. 100 metaphase spreads were examined for each genotype.](nihms290595f4){#F4}

![RNF8 and Chfr synergistically regulate histone ubiquitination and acetylation\
(a and b) Ub-H2A, Ub-H2B and H4K16 acetylation are decreased in DKO MEFs and thymocytes from DKO mice. Soluble and chromatin fractions were extracted from MEFs (a) or thymocytes (b) and analyzed by Western blot using the indicated antibodies. (c) H4K16 acetylation is down-regulated in DKO lymphomas. Chromatin fractions from three different DKO lymphomas and wild type thymus were analyzed by Western blot. (d and e) Chromatin relaxation is impaired in DKO cells. MNase sensitivity assay was performed. Average length of oligonucleosome was calculated from three independent experiments. Error bar represent s.e.m. (f) Chromatin-associated MOF and Tip60 are reduced in DKO MEFs. The soluble and chromatin fractions were prepared from MEFs and analyzed by Western blot using the indicated antibodies](nihms290595f5){#F5}

###### MRG15 links histone H2B ubiquitination and H4K16 acetylation

\(a\) MRG15 associates with Ub-H2B. The GST or GST fusion proteins associated proteins were analyzed by immunoblotting with anti-Ub-H2B antibody. CBB staining is shown below for loading control. (b) A region from a.a. 82 to 262 of MRG15 recognizes Ub-H2B. The MRG15 or its mutants associated proteins were analyzed by immunoblotting with anti-Ub-H2B antibody. CBB staining is shown below for loading control. (c) Chromatin-associated MRG15 is dramatically reduced in DKO MEFs. The soluble and chromatin fractions were prepared from MEFs and subjected to Western blot. (d) Depletion of MRG15 affects H4K16 acetylation. Chromatin-bound proteins from control siRNA or MRG15 siRNA-treated U2OS cells were analyzed by Western blot. (e) Chromatin-associated MOF and Tip60 were decreased in MRG15-depleted cells. Soluble and chromatin fractions were extracted from control siRNA or MRG15 siRNA-treated U2OS cells and analyzed by Western blot. (F) The ATM-dependent DNA damage response pathway is impaired in MRG15-depleted cells. Control siRNA or MRG15 siRNA-treated U2OS cells were irradiated with or without 10 Gy of IR. One hour after IR treatment, cell lysates were examined by Western blot.
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###### Suppression of histone acetylation rescues ATM-dependent DNA damage response in DKO MEFs

\(a\) TSA treatment restores the ATM-dependent signaling pathway in DKO cells. Cells were treated with TSA and IR as described in methods. Cell lysates were subjected to Western blot. (b) TSA treatment reduced IR-induced chromosome breaks in DKO cells. Cells were treated with TSA and IR as described in methods. Chromosome breaks were counted in metaphase spreads, with 100 metaphases evaluated for each genotype. (c) TSA treatment increases DKO cell survival following DNA damage. Cells were treated with TSA and IR followed by colony formation assay. Results were calculated from three independent experiments. Error bar represent s.e.m. (d) TSA treatment partially restores IR-induced 53BP1 foci formation in RNF8 KO and DKO cells. Cells were treated with TSA and IR as described in methods. Cells were fixed and immunostained with indicated antibodies. Histogram indicates percentage of 53BP1 foci-positive cells. Error bar represent s.e.m. from three independent experiments.
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![A model of histone modifications, chromatin relaxation and ATM activation following DNA damage. RNF8 and Chfr are important for histone ubiquitination and acetylation that in turn induce chromatin relaxation, which facilitates ATM activation and ATM-dependent DNA damage response following DNA damage.](nihms290595f8){#F8}
